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http:WHAT DOES THIS STUDY/REVIEW ADD TO THE EXISTING LITERATURE AND HOW WILL IT INFLUENCE FUTURE
CLINICAL PRACTICE PAPER ADDS
With the current study we have identiﬁed independent predictors and we have developed a prediction model for
the likelihood of shunt use during carotid endarterectomy that is based on the conﬁguration of the circle of Willis
(CoW) assessed by magnetic resonance angiography. Because with our model discrimination can be improved to a
likelihood of about 5% for the group with a risk of 10% or lower and about 51% for the group with a risk of 30% or
higher, this model can potentially be of help in clinical decision-making regarding surgical strategy and in the design
of future studies on prediction models for shunt use in carotid revascularization.Objectives: The occurrence of cerebral ischemia during carotid endarterectomy (CEA) can be prevented by
(selective) placement of an intraluminal shunt during cross-clamping. We set out to develop a rule to predict the
likelihood for shunting during CEA based on preoperative assessment of collateral cerebral circulation and patient
characteristics.
Methods: Patients who underwent CEA between 2004 and 2010 were included. Patients without preoperative
magnetic resonance (MRA) or computed tomography angiography (CTA) were excluded. The primary endpoint
was intraluminal shunt placement based on electroencephalography changes. Age, sex, cardiovascular risk factors
peripheral artery disease, symptomatic status, degree of ipsilateral and contralateral carotid, status of the
vertebral arteries, and morphology of the CoW were studied as potential predictors for shunt use. A prediction
model was derived from a multivariable regression model using discrimination, calibration, and bootstrapping
approaches and transformed into a clinical prediction model.
Results: A total of 431 patients were included, of which 65 patients (15%) received an intraluminal shunt. In the
MRA group (n ¼ 285) factors related to shunt use in multivariate analysis were ipsilateral carotid stenosis 90e
99% (odds ratio [OR] 0.15, 95% CI 0.04e0.53), contralateral carotid occlusion (OR 4.29, 95% CI 1.68e10.95) and
any not-visible anterior (OR 4.96, 95% CI 1.95e12.58) or ipsilateral posterior segment of the CoW (OR 5.08, 95%
CI 2.10e12.32). In the CT group none of the factors were independently related to shunt use; therefore, only
predictors describing morphology of CoW derived from MRA ﬁndings were included in our model. The c-statistic
of this model was 0.79 (95% CI 0.72e0.86). Among patients with an estimated chance of needing a shunt of
under 10% (49% of the population), the likelihood of shunting was 5%. In those in whom this chance was
estimated higher than 30% (13% of the population) the likelihood was 51%.
Conclusions: Among patients scheduled for CEA, assessment of cerebral arteries and of the conﬁguration of the
CoW based on MRA-derived images can help to identify patients with low and high likelihood of the need of
shunt use during surgery.
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632 C.W.A. Pennekamp et al.INTRODUCTION posterior communicating arteries (P-com), which link theDuring carotid endarterectomy (CEA), cross-clamping (CC)
may induce intraoperative cerebral ischemia. This can be
grossly prevented or diminished by placement of an intra-
luminal shunt during CC. Furthermore, sufﬁcient collateral
circulation is important to maintain adequate blood supply
to the brain in case of interruption of one of the principle
blood suppliers by CC. The circle of Willis (CoW) plays an
important role in the collateral circulation, both by the
anterior communicating artery (A-com), which connects the
right and left anterior cerebral arteries (A1 segments) and
by the posterior cerebral arteries (P1 segments) andFigure 1. Diagram of the circlecarotids with the basilar artery (Fig. 1).
Considerable variability exists in the conﬁguration of the
different arteries of the CoW, which can be large, hypo-
plastic, or even absent. Based on post-mortem studies
anomalies of the CoW are present in approximately 50e
80% of individuals.1,2 Previous studies have demonstrated
that both computed tomography angiography (CTA) and
magnetic resonance angiography (MRA) are sensitive and
minimal invasive modalities that can be used to examine
the conﬁguration of the CoW.3,4 Besides the status of the
CoW, the risk of cerebral ischemia requiring shunt place-
ment is determined by several other factors, includingof Willis and score model.
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contralateral carotid artery and the bilateral vertebral ar-
tery. We set out to develop a clinical prediction rule to
assess the likelihood of the need for shunting during CEA
based on routine clinical information and preoperative
assessment of the collateral cerebral circulation.METHODS
Patients
Patients who underwent CEA between January 2004 and
August 2010 in University Medical Center Utrecht, The
Netherlands, were eligible for this cohort study. Indications
for CEA were symptomatic or asymptomatic carotid stenosis
>70% as discussed by a multidisciplinary team. All patients
were seen by a stroke neurologist conﬁrming and grading
the presenting neurological symptoms (non-disabling
ischemic stroke deﬁned as modiﬁed Rankin scale (MRS) 2,
and disabling stroke as MRS  3). The severity of the carotid
artery stenosis was assessed by carotid color Doppler-
assisted duplex ultrasound and conﬁrmed by MRA or CTA
and categorized on a four-point scale: <50%, 50e70%, 70e
99% stenosis, or occlusion. Patients without reliable pre-
operative MRA or CTA of the CoW were excluded. We
performed a subgroup analysis of these excluded patients
conﬁrming that no important information was lost for the
purpose of this study.
All patients were operated under general anesthesia
and intraoperative monitoring included both electroen-
cephalography (EEG; Inc., Treviso, Italy) and transcranial
Doppler (TCD; DWL Multidop X4, Sipplingen, Germany). An
intraluminal Javid shunt was placed selectively based on
the occurrence of new delta or theta activity on the EEG,
during a period of at least 2 minutes of test-clamping, as
described in detail previously.5 TCD monitoring was used
for detection of intraoperative embolism and identiﬁcation
of patients at risk for the development of cerebral
hyperperfusion syndrome. After surgery, patients
remained for 6 hours at the recovery ward for continuous
invasive radial artery blood pressure monitoring. All pa-
tients underwent neurological examination before and
after surgery.Outcome parameter and potential predictors
The primary outcome parameter was the need of a intra-
luminal shunt.5 Age, sex, cardiovascular risk factors, pe-
ripheral artery disease, statin use, symptomatic status,
degree of ipsilateral and contralateral carotid stenosis, sta-
tus of the vertebral arteries (VA), and morphology of the
CoW based on contrast-enhanced CTA or contrast-
enhanced MRA images were considered as potential pre-
dictors. The CoW morphology for each individual patient
was assessed by two experienced radiologists (JH, PJvL),
unaware of clinical outcome, patient characteristics and
whether or not a shunt was used. The anterior CoW, seg-
ments were considered as (a) normal (at least 0.8 mm in
diameter), (b) hypoplastic (diameters measuring < 0.8 mm),or (c) not-visible6 (Fig. 1). For the posterior CoW the clas-
siﬁcation was based on the comparison of the relative size
of the P1 segment of the posterior cerebral artery with the
connected P-com.
Subsequently, per individual patient, the not-visible seg-
ments were grouped into anterior CoW (A-com, ipsilateral
A1 and contralateral A1), ipsilateral posterior CoW (not
visible ipsilateral P1 or Pcom), and contralateral posterior
CoW (not visible contralateral P1 or Pcom).Statistical analysis
After the selection of all potential predictors, identiﬁcation
of missing values was performed. Since the percentage of
missing values was below 5%, we did not impute missing
values. Continuous variables were presented as mean  SD
and categorical variables as absolute number combined
with percentage. Baseline variables between shunt and
non-shunt groups were compared using the c2 test or
Student t test when appropriate.
The relation between potential predictors and shunt use
was examined by multivariable logistic regression models us-
ing a backward stepwise approachwith p¼ .20 for removal.7,8
Patients that underwent either MRA or CTA were analyzed
separately. Prediction models derived with multivariable
regression analysis are known for overestimated regression
coefﬁcients, which results in too extreme predictions when
applied in new patients.8,9 Therefore, we internally validated
our model with bootstrapping techniques where in each
bootstrap sample the entire modeling process was repeated.
This resulted in a shrinkage factor for the regression co-
efﬁcients. The bootstrap procedure was also used to estimate
a value of the area under the receiver operating characteristic
curve (AUC) that was corrected for overoptimism to provide
an estimate of discriminative ability that is expected in future
similar patients.
To study the performance of the ﬁnal prediction model,
we assessed its discrimination and calibration. Discrimina-
tion is the ability of the model to distinguish between pa-
tients that did and did not receive a shunt, and was
quantiﬁed with the AUC. An AUC ranges from 0.5 (no
discrimination; same as ﬂipping a coin) to 1.0 (perfect
discrimination). Calibration refers to the agreement be-
tween the predicted probabilities and observed fre-
quencies. This was tested with the HosmereLemeshow
statistic where a signiﬁcant test result implies insufﬁcient
calibration.
To facilitate practical application of the model based on
all patient data, the regression coefﬁcients of the predictors
in the model were converted into points on a score chart
(by dividing the coefﬁcients of all variables by the lowest
coefﬁcient observed). The total points (sum scores) were
linked to the likelihood of receiving a shunt during surgery.
Finally, various cut-off values were introduced in the pre-
dicted probabilities, categorizing patients as having a low
risk, moderate risk and high risk to receiving a shunt. Data
were analyzed using SPSS for Windows (SPSS 20.0, SPSS Inc,
Chicago, IL, USA).
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Patient characteristics
Of all 582 patients who underwent CEA in the study period,
431 patients were included (Table 1).
The majority of patients (n¼ 381, 88%) were symptomatic
(stroke n ¼ 104, transient ischemic attack n ¼ 277). In 65
patients (15%) an intraluminal shunt was used. An ipsilateral
high-degree stenosis of the internal carotid artery of 90e99%
was less often present in patients who required placement of
an intraluminal shunt than in patients who could be operated
without shunting (n ¼ 9 [14%] vs. n ¼ 119 [33%]; p < .01),
whereas a contralateral occlusion wasmore often seen in the
shunt group (n ¼ 16 [28%] vs. n ¼ 52 [14%]; p ¼ .01). Of all
431 patients, 14 patients (3%) suffered from stroke and three
patients (0.7%) died. The overall 30-day rate of death/stroke
was 4%. Both death and stroke occurred more in the shunted
group than the non-shunted group, that is n¼ 2 (3%) vs. n¼ 1
(0.3%) p ¼ .01, and n ¼ 5 (8%) vs. n ¼ 9 (3%), p ¼ .03,
respectively.
The excluded patients did not signiﬁcantly differ from the
study population regarding clinical outcome.Table 1. Candidate predictors of shunt use during carotid endarterecto
patients (%).
Candidate predictors All (n ¼ 431) S
Age, yr 69 (9)
Gender, male 289 (67%)
Risk factors
Diabetes mellitus 96 (22%)
Hypertension 376 (87%)
Current smoking 144 (33%)
Body mass index, kg/m2 26.5 (3.8) 2
Statin use 346 (84%)
Peripheral artery disease 79 (19%)
CEA-related factors
Clinical presentation (symptomatic) 383 (88%)
Stroke 104 (24%)
Transient ischemic attack 279 (65%)
Ipsilateral carotid stenosis 90e99% 129 (30%)
Contralateral occlusion 70 (16%)
Reversal ﬂow/occlusion/gracile ipsilateral
vertebral artery
48 (11%)
Reversal ﬂow/occlusion/gracile contralateral
vertebral artery
45 (11%)
Circle of Willis morphology CT or MR
Not visible anterior segment (any) 76 (18%)
Not visible posterior segment ipsilateral (any) 216 (50%)
Not visible posterior segment contralateral
(any)
207 (48%)
Circle of Willis morphology MR n [ 284
Not visible anterior segment (any) 48 (17%)
Not visible posterior segment ipsilateral (any) 136 (48%)
Not visible posterior segment contralateral
(any)
123 (43%)
Circle of Willis morphology CT n [ 140
Not visible anterior segment (any) 28 (20%)
Not visible posterior segment ipsilateral (any) 78 (55%)
Not visible posterior segment contralateral
(any)
81 (57%)
Statistically signiﬁcant differences are indicated by an asterisk (*).Circle of Willis on MRA/CTA
In 284 patients (67%), MRA was performed and in 140
patients (33%) CTA. The number of patients that underwent
MRA instead of CTA did not differ between shunted and
non-shunted patients (71% vs. 66%; p ¼ .49). Any deviation
from the normal anatomy of the CoW was seen in 394
patients (91%) (Fig. 2; Table 2). A normal A-com was found
in most patients (88%), as well as a normal ipsilateral (82%)
and contralateral A1 segment (87%). Posteriorly, the most
observed abnormality was a not-visible P-coms (47% and
45% for the ipsilateral and contralateral P-com
respectively).Model development and performance
None of the clinical variables were related to the likelihood
of shunting (Table 1). In the MRA group carotid stenosis
90e99% (OR 0.15, 95% CI 0.04e0.53), contralateral carotid
occlusion (OR 4.29, 95% CI 1.68e10.95), and any not-visible
anterior (OR 4.96, 95% CI 1.95e12.58) or ipsilateral poste-
rior segment of the CoW (OR 5.08, 95% CI 2.10e12.32)
were independently related to the need of shunt use duringmy. Values are shown as mean (standard deviation) or number of
hunt (n ¼ 65) No shunt (n ¼ 366) p Missing values
69  8 69  9 .51 0 (0%)
46 (71%) 243 (66%) .49 0 (0%)
13 (20%) 82 (22%) .78 1 (0.2%)
56 (86%) 323 (88%) .68 1 (0.2%)
22 (34%) 118 (32%) .87 0 (0%)
5.8 (3.6) 26.6 (3.8) .21 5 (1.2%)
50 (81%) 296 (84%) .47 18 (4%)
9 (14%) 70 (19%) .31 7 (1.6%)
56 (86%) 327 (89%) .44 0 (0%)
17 (26%) 87 (24%) .68 0 (0%)
39 (60%) 240 (66%) .35 0 (0%)
9 (14%) 119 (33%) <.01* 0 (0%)
18 (28%) 52 (14%) .01* 0 (0%)
8 (13%) 40 (11%) .73 10 (2.3%)
5 (8%) 40 (11%) .49 19 (4.4%)
21 (32%) 55 (15%) <.01* 8 (1.9%)
43 (75%) 173 (53%) <.01* 7 (1.6%)
30 (49%) 177 (52%) .73 7 (1.6%)
n [ 46 n [ 238
14 (31%) 34 (14%) <.01* 2 (0.7%)
34 (74%) 102 (43%) <.01* 1 (0.4%)
19 (41%) 104 (44%) .76 1 (0.4%)
n [ 19 n [ 121
7 (37%) 21 (17%) .05 0
9 (47%) 69 (57%) .43 0
11 (58%) 70 (58%) 1.00 0
Figure 2. Contrast-enhanced magnetic resonance angiography
maximum intensity projection images of the circle of Willis. (A)
Circle of Willis with a missing A1 segment of the left anterior ce-
rebral artery on the left side and presence of both P1 segments of
the posterior cerebral artery. (B) Circle of Willis with presence of
both A1 segments of the anterior cerebral arteries without hy-
poplasia and absent P1 segment of the posterior cerebral artery on
the right side.
Table 2. Candidate predictors of shunt use during carotid
endarterectomy.
Circle of Willis
segment on MR
or CT
All
(n ¼ 431)
Shunt
(n ¼ 65)
Non-shunt
(n ¼ 366)
p-value
Absent anterior
segment (any)
77 (18%) 21 (32%) 55 (15%) <.01
Absent A-com 49 (11%) 12 (18%) 37 (10%) .05
Ipsilateral A1
segment
Normal 351 (81%) 58 (89%) 293 (80%) .08
Hypoplastic 61 (14%) 1 (2%) 60 (16%) <.01
Not visible 16 (4%) 5 (8%) 11 (3%) .07
Contralateral
A1 segment
Normal 371 (86%) 52 (80%) 319 (87%) .12
Hypoplastic 44 (10%) 8 (12%) 36 (10%) .54
Not visible 14 (3%) 4 (6%) 10 (3%) .15
Absent ipsilateral
post segment
241 (56%) 49 (75%) 192 (53%) .001
P-com not-visible 201 (47%) 38 (59%) 163 (45%) .04
P-com < P1 121 (28%) 9 (14%) 112 (31%) <0.01
P-com ¼ P1 37 (9%) 3 (5%) 34 (9%) .22
P-com > P1 27 (6%) 4 (6%) 23 (6%) .97
P1 not visible 40 (9%) 11 (17%) 29 (8%) .02
Absent contralateral
post segment
222 (52%) 32 (49%) 190 (52%) .75
P-com not-visible 194 (45%) 25 (39%) 169 (46%) .25
P-com < P1 115 (27%) 17 (26%) 98 (27%) .92
P-com ¼ P1 47 (11%) 6 (9%) 41 (11%) .64
P-com > P1 44 (10%) 9 (14%) 35 (10%) .29
P1 not visible 28 (6%) 7 (11%) 21 (6%) .13
Table 3. Independent predictors measured on magnetic resonance
angiography identiﬁed by multivariate analysis.
Variable Bootstrapped
beta’s
95% CI Pointsa
Ipsilateral carotid
stenosis 90e99%
1.805 3.834e0.862 1.5
Contralateral
occlusion
1.243 0.263e2.190 1
Not visible anterior
segment (any)
1.365 0.487e2.406 1
Not visible
ipsilateral
posterior segment
ipsilateral (any)
1.332 0.577e2.284 1
Total points 1.5
Note: The risk score for an individual patient was determined by
assigning points for each factor and summing. The resulting risk
score was then use in Table 4 to estimate the shunt risk. CI:
conﬁdence interval.
a Calculated by dividing the beta coefﬁcient by 0.764 and rounding
to the nearest half.
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independently related to the need of shunt use during CEA.
Therefore, only predictors describing morphology of CoW
derived from MRA ﬁndings were included in our model. The
calibration of the model was good, conﬁrmed by a non-
signiﬁcant HosmereLemeshow test (p ¼ .66). The model
discriminated well between patient who did receive and
who did not receive a shunt, with an AUC after correction
for optimism of 0.79 (95% CI 0.72e0.86).
Subsequently, the bootstrapped betas of the predictors in
the ﬁnal model were used for constructing a risk score for
shunt use during CEA (Table 3). Patients were categorized
according to their model-derived likelihood of shunt use
into low risk (<10%, n ¼ 141), medium risk (10e30%,
n ¼ 104), or high risk (>30%, n ¼ 36). The observed inci-
dence of shunt use in the low-risk, medium-risk and high-
risk groups was 5%, 17%, and 51% (Table 4).
DISCUSSION
The present study suggests that preoperative MRA of the
cerebral arteries and the basal arteries of the CoW, but not
clinical characteristics, can help to identify preoperativelywhich patients are at increased risk for cerebral ischemia
during CC and thus need a shunt during CEA surgery. Our
main ﬁnding is that three abnormalities in the cerebral
circulation seen on MRA predict a higher risk of shunt use:
an occluded contralateral carotid artery, any not-visible
segments of the anterior part of the CoW, and any not-
visible segments of the ipsilateral posterior part of the
Table 4. Predicted and observed incidence of shunt use during cross-clamping divided into three risk categories.
Risk score
(sum of points)
Score category Predicted shunt risk
(mean  SD)
Observed incidence
of shunt (95% CI)
Patients within
score category
(%)
<0 Low (<10%) 3.3  1.8 5.0% (n ¼ 7) 141 (50%)
0e1 Medium
(10e30%)
18.6  4.7 17.1% (n ¼ 18) 105 (37%)
>1 High (>30%) 54.2  11.5 56% (n ¼ 20) 36 (13%)
SD: standard deviation, CI: conﬁdence interval.
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be explained by the lack of a sufﬁcient collateral circulation.
A preocclusive (near-total) stenosis of the ipsilateral carotid
artery predicts lower risk of shunt use, probably because
adequate collateral circulation has been developed already
to sustain adequate cerebral blood ﬂow.
The association between CoW abnormalities and failing
collateral circulation in case of diminished supply through the
internal carotid artery has been described previously.10 Based
on unselected post-mortem studies variation of the CoW
exists in approximately 50e80%and several conﬁgurations of
the CoW have been extensively described.1,2 Moreover, a
higher incidence in abnormalities has been found in patients
with an internal carotid artery stenosis or occlusion (64%)
than in control subjects (45%).11 Furthermore, the observa-
tion that the need for a shunt is high in patients with failure of
both the anterior and the posterior segments is in line with
previous studies.12,13 However, we could not conﬁrm that
only in patients without contralateral internal carotid artery
occlusion shunt placement is predicted by MRA measured
incompleteness of the CoW.14Moreover, in our cohort 89%of
all patients with an intact A1 segment required shunt inser-
tion, whereas either an intact anterior or the posterior
pathway on the ipsilateral or contralateral site on digital
subtraction angiography (DSA) has been associated with
stable intraoperative EEG recordings. These contrasting re-
sults might be explained by the limited number of events in
the study described by Schwartz et al.12 Although the number
of shunts in the current study is still relatively small, the
number of events is higher than in previous studies evalu-
ating the value of imaging the CoW prior to carotid endar-
terectomy.11,14 In agreementwith previous reports, our study
indicated that clinical patient characteristics are not related
to the likelihood of receiving a shunt.12 However, despite
internally validating the model by means of bootstrapping
methods, external validation in different CEA populations is
warranted.Clinical implications
Our model enables identiﬁcation of a group of patients that
have either a high or a low likelihood of receiving a shunt. In
our group of patients 15% received a shunt, and with our
model discrimination can be improved to a likelihood of
about 4% for the risk of 10% or lower and about 56% for the
group with a risk of 30% or higher. Although the current im-
plications for current clinical practice are limited, our ﬁndings
may guide us to future projects which might eventually leadto accurate decision-making and identiﬁcation of patients
that can surely be operated without shunt use.Limitations
This study should been seen in context of its design. First,
all included patients were operated under general anes-
thesia, and EEG was used to detect cerebral ischemia,
while locoregional anesthesia allows awake patient moni-
toring of neurological function and can be regarded as the
accepted standard for detection of cerebral ischemia dur-
ing CC.15e17 If patients are operated under general anes-
thesia, however, as in our center, EEG is the most
commonly applied technique to decide whether a shunt is
needed, with a high positive and high negative predictive
value.18e21
Moreover, our results might be hampered by the
methods used to visualize the anatomy of the CoW. DSA,
which is the best method, is not commonly performed
anymore due to the inherent risk of this invasive technique.
Both CTA4,22,23 and MRA3,24,25 have previously been shown
reliable tools for the assessment of the CoW. Apparently in
the current study we found that anomalies seen on MRA
increased the likelihood of the development of cerebral
ischemia during CEA more than anomalies seen on CTA.
Studies performing both CT and MR in all patients are
required to compare the accuracy of both modalities for
assessment of the CoW morphology in patients undergoing
CEA. Nevertheless, some segments of the CoW may have
been present, but not detected because the signal intensity
may be below the threshold. Moreover, from post-mortem
studies it appears that a complete CoW is present in most
individuals, an absent P-com was only found in 5% of the
cases.26 Their contribution to the blood ﬂow, however,
depends on the vessel diameter, which vary among in-
dividuals. Even a complete CoW may therefore be func-
tionally insufﬁcient as a collateral pathway during CC.
Unfortunately we had to exclude several patients, however,
as the outcome results within these two cohorts were
similar and reasons for exclusion were not clinically driven
we believe this has not inﬂuenced our results. Missing data
concerning the status of the secondary collateral pathways,
such as the ophthalmic arteries and leptomeningeal col-
laterals, may have affected our results as these vessels are
able to compensate in case of a failing primary collateral
network (CoW).26 The presence of ﬂow in the lep-
tomeningeal vessels is linked to a better outcome after
stroke, but the association with CEA is unknown.23,24
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dependent predictors and we have developed a prediction
model for the likelihood of shunt use during CEA that is based
on the conﬁguration of the CoWassessedwithMRA.Thismay
be useful in clinical decision-making regarding surgical
strategy. However, despite internally validating the model by
means of bootstrapping methods, external validation in
different CEA populations is warranted.
CONFLICT OF INTEREST
None.
FUNDING
None.
REFERENCES
1 Alpers BJ, Berry RG, Paddison RM. Anatomical studies of the
circle of Willis in normal brain. AMA Arch Neurol Psychiatry
1959;81(4):409e18.
2 Riggs HE, Rupp C. Variation in form of circle of Willis. The
relation of the variations to collateral circulation: anatomic
analysis. Arch Neurol 1963;8:8e14.
3 Hendrikse J, Klijn CJ, van Huffelen AC, Kappelle LJ, van der GJ.
Diagnosing cerebral collateral ﬂow patterns: accuracy of non-
invasive testing. Cerebrovasc Dis 2008;25(5):430e7.
4 Waaijer A, van Leeuwen MS, van der Worp HB, Verhagen HJ,
Mali WP, Velthuis BK. Anatomic variations in the circle of Willis
in patients with symptomatic carotid artery stenosis assessed
with multidetector row CT angiography. Cerebrovasc Dis
2007;23(4):267e74.
5 Visser GH, Wieneke GH, van Huffelen AC. Carotid endarterec-
tomy monitoring: patterns of spectral EEG changes due to ca-
rotid artery clamping. Clin Neurophysiol 1999;110(2):286e94.
6 Krabbe-Hartkamp MJ, van der GJ, de Leeuw FE, de Groot JC,
Algra A, Hillen B, et al. Circle of Willis: morphologic variation on
three-dimensional time-of-ﬂight MR angiograms. Radiology
1998;207(1):103e11.
7 Harrell FE. Regression modeling strategies: with applications to
linear models, logistic regression, and survival analysis. New
York, NY: Springer-Verlag; 2001. p. 2013.
8 Harrell Jr FE, Lee KL, Mark DB. Multivariable prognostic models:
issues in developing models, evaluating assumptions and ad-
equacy, and measuring and reducing errors. Stat Med
1996;15(4):361e87.
9 Altman DG, Royston P. What do we mean by validating a
prognostic model? Stat Med 2000;19(4):453e73.
10 Schneider PA, Ringelstein EB, Rossman ME, Dilley RB, Sobel DF,
Otis SM, et al. Importance of cerebral collateral pathways
during carotid endarterectomy. Stroke 1988;19(11):1328e34.
11 Hartkamp MJ, van der GJ, van Everdingen KJ, Hillen B, Mali WP.
Circle of Willis collateral ﬂow investigated by magnetic reso-
nance angiography. Stroke 1999;30(12):2671e8.
12 Schwartz RB, Jones KM, LeClercq GT, Ahn SS, Chabot R,
Whittemore A, et al. The value of cerebral angiography in
predicting cerebral ischemia during carotid endarterectomy.
AJR Am J Roentgenol 1992;159(5):1057e61.13 DePippo PS, Ascher E, Scheinman M, Yorkovich W, Hingorani A.
The value and limitations of magnetic resonance angiography
of the circle of Willis in patients undergoing carotid endarter-
ectomy. Cardiovasc Surg 1999;7(1):27e32.
14 Lee JH, Choi CG, Kim DK, Kim GE, Lee HK, Suh DC. Relationship
between circle of Willis morphology on 3D time-of-ﬂight MR
angiograms and transient ischemia during vascular clamping of
the internal carotid artery during carotid endarterectomy. AJNR
Am J Neuroradiol 2004;25(4):558e64.
15 Benjamin ME, Silva Jr MB, Watt C, McCaffrey MT, Burford-
Foggs A, Flinn WR. Awake patient monitoring to determine the
need for shunting during carotid endarterectomy. Surgery
1993;114(4):673e9.
16 Blume WT, Ferguson GG, McNeill DK. Signiﬁcance of EEG
changes at carotid endarterectomy. Stroke 1986;17(5):
891e7.
17 Jansen C, Vriens EM, Eikelboom BC, Vermeulen FE, van GJ,
Ackerstaff RG. Carotid endarterectomy with transcranial
Doppler and electroencephalographic monitoring. A prospec-
tive study in 130 operations. Stroke 1993;24(5):665e9.
18 Facco E, Deriu GP, Dona B, Ballotta E, Munari M, Grego F, et al.
EEG monitoring of carotid endarterectomy with routine patch-
graft angioplasty: an experience in a large series. Neurophysiol
Clin 1992;22(6):437e46.
19 Rerkasem K, Rothwell PM. Local versus general anaesthesia for
carotid endarterectomy. Cochrane Database Syst Rev 2008;(4):
CD000126.
20 Salvian AJ, Taylor DC, Hsiang YN, Hildebrand HD, Litherland HK,
Humer MF, et al. Selective shunting with EEG monitoring is
safer than routine shunting for carotid endarterectomy. Car-
diovasc Surg 1997;5(5):481e5.
21 Schneider JR, Droste JS, Schindler N, Golan JF, Bernstein LP,
Rosenberg RS. Carotid endarterectomy with routine electro-
encephalography and selective shunting: inﬂuence of contra-
lateral internal carotid artery occlusion and utility in
prevention of perioperative strokes. J Vasc Surg 2002;35(6):
1114e22.
22 Wintermark M, Uske A, Chalaron M, Regli L, Maeder P, Meuli R,
et al. Multislice computerized tomography angiography in the
evaluation of intracranial aneurysms: a comparison with
intraarterial digital subtraction angiography. J Neurosurg
2003;98(4):828e36.
23 Velthuis BK, van Leeuwen MS, Witkamp TD, Ramos LM,
Berkelbach van der Sprenkel JW, Rinkel GJ, et al. Surgical
anatomy of the cerebral arteries in patients with subarach-
noid hemorrhage: comparison of computerized tomography
angiography and digital subtraction angiography. J Neurosurg
2001;95(2):206e12.
24 Schomer DF, Marks MP, Steinberg GK, Johnstone IM,
Boothroyd DB, Ross MR, et al. The anatomy of the posterior
communicating artery as a risk factor for ischemic cerebral
infarction. N Engl J Med 1994;330(22):1565e70.
25 Patrux B, Laissy JP, Jouini S, Kawiecki W, Coty P, Thiebot J.
Magnetic resonance angiography (MRA) of the circle of Willis:
a prospective comparison with conventional angiography in 54
subjects. Neuroradiology 1994;36(3):193e7.
26 Liebeskind DS. Collateral circulation. Stroke 2003;34(9):2279e
84.
